The roles of calmodulin-binding sites in the regulation by Ca# + , inositol 1,4,5-trisphosphate (InsP $ ) and GTP-binding regulatory proteins (G-proteins) of the Drosophila melanogaster TRPL (transient-receptor-potential-like) non-specific Ca# + channel were investigated. Wild-type TRPL protein and two mutant forms, TRPL (W713G) and TRPL (W814G), in which a key tryptophan residue in each of the two putative calmodulin-binding sites (Sites 1 and 2, respectively) was replaced by glycine, were expressed heterologously in Xenopus lae is oocytes. Immunofluorescence studies indicated that the expressed TRPL, TRPL (W713G) and TRPL (W814G) proteins are located at the plasma membrane. TRPL oocytes (oocytes injected with trpl cRNA) and TRPL (W814G) oocytes [oocytes injected with trpl (W814G) cRNA] exhibited substantially greater rates of basal (constitutive) Ca# + inflow (measured using fluo-3 and the Ca# + add-back protocol) than mock-injected oocytes (mock oocytes). In TRPL (W713G) oocytes, this difference was abolished. In TRPL and TRPL (W814G) [oocytes injected with trpl (W713G) cRNA], but not in TRPL (W713G) oocytes, basal Ca# + inflow was inhibited by W13, an inhibitor of calmodulin action. Calmodulin (3 µM intracellular) inhibited basal Ca# + inflow in
INTRODUCTION
Receptor-activated Ca# + channels (RACCs) play a central role in the process by which extracellular signals increase the cytoplasmic free Ca# + concentration ([Ca# + ] c ) in almost all non-excitable and in many excitable animal cells [1] [2] [3] . There are several types of RACCs. These are differentiated by their selectivity for cations and their mechanisms of activation [1] [2] [3] . RACCs are activated by the binding of an extracellular signal molecule to a plasma membrane receptor. The RACC protein is considered to be separate from the receptor-protein. A feature of many RACCs is their activation by the release of Ca# + from the smooth endoplasmic reticulum (SER). This is referred to as a process of store-activated or capacitative-Ca# + inflow [1] [2] [3] .
Neither the structures of RACCs nor the mechanisms by which the extracellular signal-receptor complex activates the channels are well understood. However, two proteins of the Drosophila melanogaster photoreceptor cell, the TRP (transient receptor potential) and TRPL (transient-receptor-potential-like) Ca# + channel proteins [4] [5] [6] , are useful models for both the structure and activation of animal cell RACCs [7, 8] . The predicted Abbreviations used : TRPL, transient-receptor-potential-like ; TRPL (W713G) and TRPL (W814G) oocytes, oocytes microinjected with trpl, trpl (W713G) and trpl (W814G) cRNA, respectively ; mock oocytes, oocytes microinjected without the introduction of a solution to the oocyte cytoplasmic space ; [ TRPL but not in TRPL (W713G) or TRPL (W814G) oocytes. Staurosporin, an inhibitor of protein kinase C (PKC), inhibited, while PMA (an activator of PKC) stimulated, basal Ca# + inflow in TRPL oocytes. In oocytes incubated in the presence of PMA (to suppress Ca# + inflow through endogenous receptor-activated Ca# + channels), the InsP $ -induced stimulation of Ca# + inflow through TRPL channels was more clearly evident than in oocytes incubated in the absence of PMA. InsP $ caused a significant stimulation of Mn# + inflow in TRPL but not in mock oocytes. Rates of InsP $ -stimulated Ca# + inflow through the TRPL, TRPL (W713G) and TRPL (W814G) channels were similar. The ability of GTPγS to stimulate Ca# + inflow through TRPL channels was inhibited by 50 % in TRPL (W713G) oocytes but was unaffected in TRPL (W814G) oocytes. It is concluded that, in the environment of the Xenopus oocyte, the Drosophila TRPL channel is activated by (a) interaction with Ca# + \calmodulin at calmodulinbinding Site 1 ; (b) PKC ; (c) InsP $ in a process that does not involve Ca# + and calmodulin ; and (d) a trimeric G-protein(s) through both a Ca# + \calmodulin-dependent and a Ca# + \ calmodulin-independent mechanism. topology of each of the TRP and TRPL polypeptides is a poreforming region composed of six membrane-spanning α-helices and cytoplasmic amino and carboxy termini. The carboxy terminal region of TRPL contains two calmodulin-binding sites, designated here as Sites 1 (amino acid residues 710-727) and 2 (amino acid residues 809-825) [6] .
The TRPL protein has been expressed heterologously in insect Sf9 cells [9] [10] [11] [12] [13] [14] and in Xenopus lae is oocytes [15, 16] . These studies have shown that TRPL channels are activated by Ca# + , inositol 1,4,5-trisphosphate (InsP $ ) and GTP-binding regulatory proteins (G-proteins). These experiments with heterologously expressed TRPL have complemented investigations of the function and mechanisms of activation of TRPL in Drosophila photoreceptor cells [17] [18] [19] [20] [21] . We have previously expressed the Drosophila TRPL protein in Xenopus oocytes with the aims of demonstrating that this protein can act as a Ca# + channel and investigating the mechanisms that activate TRPL [15] . We considered that the latter would help in understanding the mechanisms of activation of at least one type of animal cell RACC. In the environment of the oocyte, TRPL was found to be constitutively active at basal concentrations of Ca# + and cal-modulin. This constitutive activity was inhibited by the introduction of a relatively high concentration of exogenous calmodulin. GTPγS caused a substantial activation of TRPL [15] . It has been postulated that the activation of TRPL by basal concentrations of Ca# + and calmodulin occurs through calmodulin-binding Site 1 while the inhibition by high concentrations of exogenous calmodulin occurs through calmodulinbinding Site 2 [15] .
Notwithstanding extensive studies of the TRPL protein [9] [10] [11] [12] [13] [14] [15] [16] , many aspects of the mechanisms by which TRPL is regulated by Ca# + and calmodulin, InsP $ and trimeric G-proteins are not clear. Moreover, in our studies of TRPL expressed in Xenopus oocytes, we obtained no clear evidence for the activation of TRPL in oocytes by InsP $ [15] whereas in insect Sf9 cells InsP $ caused substantial activation of TRPL [14] . The aim of the present experiments was to test further the idea that TRPL is activated by the binding of Ca# + and calmodulin to calmodulinbinding Site 1 and is inhibited by the binding of calmodulin to calmodulin-binding Site 2, and to further elucidate the mechanisms by which InsP $ and trimeric G-proteins activate TRPL. These aims have been achieved, in part, by constructing mutant forms of TRPL in which a key tryptophan residue in each of the putative calmodulin-binding sites has been changed to a glycine residue. The results show that, in the environment of the oocyte, TRPL is activated by (a) the interaction of Ca# + \ calmodulin at calmodulin-binding Site 1, (b) PKC, (c) InsP $ through a process that does not involve Ca# + and calmodulin and (d) a trimeric G-protein through a process that is partially dependent on Ca# + and calmodulin.
MATERIALS AND METHODS

Materials
-α-Lysophosphatidic acid oleoyl, staurosporin, phorbol 12-myrystate 13-acetate (PMA) and alkaline phosphataseconjugated goat anti-rabbit IgG were from Sigma Chemical Company (St. Louis, MO, 63178, U.S.A.). Cy3 TM -conjugated affinipure donkey anti-rabbit IgG was from Jackson ImmunoResearch Laboratories (PA, U.S.A.). All other reagents were obtained from the sources described previously [15] .
Identification of putative calmodulin-binding sites and construction of cDNA encoding the TRPL (W713G) and TRPL (W814G) mutant proteins
The procedure of Phillips et al. [6] was followed to identify putative calmodulin-binding sites. Amphiphilicity profiles and helical wheel projections were constructed to identify two amphiphilic α-helices, each containing a positively charged hydrophilic and a hydrophobic face [6] . These correspond to putative calmodulin-binding Sites 1 and 2 identified by Phillips et al. The hydrophobic residue tryptophan has been shown to be an essential amino acid for calmodulin-binding in analogous positions within the calmodulin-binding domain of a number of calmodulin-regulated proteins or enzymes such as smooth muscle myosin light chain kinase, Type-1 InsP $ receptor and InsP $ kinase [22] [23] [24] . Within Site 1 (residues 710-727) tryptophan 713 was identified as a target for mutation and within Site 2 (residues 809-825) tryptophan 814 was identified.
TRPL mutants TRPL (W713G) and TRPL (W814G) were constructed by oligonucleotide-directed mutagenesis using the Chameleon TM site-directed mutagenesis kit [25] (Stratagene, La Jolla, CA, U.S.A.). DNA sequencing was employed to confirm that the required mutation had been introduced. The preparation of cRNA encoding TRPL, TRPL (W713G) and TRPL (W814G), isolation and micro-injection of Xenopus oocytes and photolysis of ' caged ' InsP $ were conducted as described previously [15] . The inflow of Ca# + and Mn# + to single oocytes loaded with fluo-3 or fura-2, respectively, were measured as described previously [15] . In the case of Ca# + inflow, the resulting plots of fluorescence as a function of time following the addition of Ca# + o to oocytes incubated in the absence of added Ca# + o consisted of an initial rapid increase in fluorescence (designated the initial rate of Ca# + inflow), and a slower sustained increase in fluorescence (designated the sustained rate of Ca# + inflow). Unless indicated otherwise, initial rates of Ca# + inflow were calculated from the slopes of plots of fluorescence as a function of time at 0, 1 and 3 min after the addition of Ca# 
Western blot analysis
Rabbit polyclonal anti-TRPL antibody was raised against a synthetic peptide comprising residues 898-918 from the Cterminus of TRPL protein [26] . Crude membrane proteins were extracted from 20 trpl cRNA-injected and 20 mock-injected (mock) Xenopus oocytes as described by Kume et al. [27] . Drosophila proteins were extracted by homogenizing whole frozen Drosophila with SDS sample buffer. Protein extracts were electrophoresed in 7.5 % SDS\PAGE as described by Laemmli [28] . Proteins were electro-transferred to a Hybond-C extra nitrocellulose membrane (Amersham Life Science) by the method of Towbin et al. [29] . The membrane was blocked with blocking buffer, Tris-based saline containing 5 % (w\v) skim milk powder and 0.05 % (v\v) Nonidet P40, for 1 h at room temperature. The membrane was probed with rabbit polyclonal anti-TRPL antibody, diluted 1 : 2000 in blocking buffer, overnight at 4 mC. Following the incubation with alkaline phosphatase-conjugated goat anti-rabbit IgG, diluted 1 : 8000 in blocking buffer, for 2 h at room temperature, the membrane was developed by incubation with alkaline phosphatase buffer containing 0.16 mg\ml 5-bromo-4-chloro-3-indolyl phosphate and 0.33 mg\ml Nitro Blue Tetrazolium for 15 min.
Immunofluorescence and intracellular localization of TRPL
Wild-type stage V-VI Xenopus oocytes injected with trpl cRNA and mock-injected were incubated in modified Barth's solution for 3 days at 17 mC and fixed in Zambonis Fixative containing 2 % paraformaldehyde in 0.1 M phosphate buffer (pH 7.4) at 4 mC for 2 h. After washing with phosphate-buffered saline (PBS), oocytes were incubated with 30 % sucrose in PBS overnight at 4 mC, immersed in OCT embedding medium (Miles Inc., Elkhart, The treatment of oocytes with trpl cRNA, fixation of oocytes and preparation of oocytes for immunofluorescence, treatment of oocyte sections with rabbit polyclonal anti-TRPL antibody and donkey anti-rabbit IgG conjugated to Cy3, visualization of fluorescence and scanning confocal microscopy were performed as described in Materials and Methods and in Figure 2 . The fluorescence intensity of a spot 50i30 µm located either over the plasma membrane or in the cytoplasmic space about 60 µm from the plasma membrane was determined as described in Materials The frozen blocks were cut into 10 µm thick sections and serial sections were collected on gelatin-coated slides. After equilibrating with PBS for 30 min, sections were blocked with PBS containing 0.5 % (w\v) milk and 0.2 % (v\v) Triton X-100 at room temperature for 1 h. After washing with PBS containing Triton X-100, sections were probed with 1 : 200 anti-TRPL antibody diluted in blocking solution at 4 mC overnight. After washing thoroughly, sections were incubated with 1 : 200 secondary antibody, donkey anti-rabbit IgG conjugated to Cy3, for 1 h at room temperature. After final washing, sections were mounted with 80 % glycerol (pH 8.6), covered with a coverslip and observed using a Novax inverted fluorescence microscope (Olympus, Japan). Thin optical sections were viewed by a BioRad MRC 1000 scanning confocal microscope incorporating a krypton\argon laser with an oil-immersion objective lens. The negative control was processed by the same procedure but without incubation with primary antibody.
The fluorescence quantitation using a conventional fluorescence microscope was performed as described by Pollock et al. [30] . The fluorescence was measured in situ by eye to evaluate the relative fluorescence from oocyte sections. Oocytes of exactly the same developmental stage were serially sectioned at the standard thickness of 10 µm. Each experiment was treated identically using the same dilution of antibodies, processing time, objective lens and minimized lamp variations. Measurements of several independent sections for TRPL and mock oocytes were averaged and compared.
Quantitative analysis of fluorescence intensity for confocal microscope images was carried out using the Bio-Rad Cosmos program, with which the fluorescence intensity of a given area of the oocyte plasma membrane or the cytoplasmic space was measured. The fluorescence intensities shown in Table 1 represent the average intensities of the measured areas [sum of corrected pixel values (arbitrary fluorescence units\area)]. The fluorescence at the plasma membrane was measured over an area of 50i30 µm and that of the cytoplasmic space over the same area, the centre of which was approximately 60 µm from the plasma membrane. The meanspS.E.M. of the fluorescence intensities obtained for several oocyte sections from three individual oocytes were determined for both trpl cRNA-injected and mock-injected oocytes.
Figure 1 Western blot analysis of Xenopus oocyte extracts probed with rabbit anti-TRPL antibody
Oocytes were injected with 50 ng trpl cRNA (lane 1) or were mock-injected (lane 2). After three days, oocytes (20) were homogenized and crude plasma membrane fractions prepared as described in Materials and Methods. The membrane fraction (approximately 100 µg protein) was subjected to SDS/PAGE, transferred to a nitrocellulose membrane and blotted with rabbit polyclonal anti-TRPL antibody (1 : 2000 dilution) and goat anti-rabbit IgG conjugated to alkaline phosphatase (1 : 8000 dilution) as described in Materials and Methods. The membrane was then incubated with 5-bromo-4-chloro-3-indolyl phosphate and Nitro Blue Tetrazolium. The results shown are those obtained for one of three experiments, each of which gave similar results.
RESULTS
Intracellular location of the Drosophila TRPL protein and mutant TRPL proteins expressed in Xenopus oocytes
Expression of the Drosophila TRPL protein in trpl cRNAinjected oocytes (TRPL oocytes) was investigated using Western blot analysis and immunofluorescence techniques. To characterize the polyclonal anti-TRPL antibody employed, extracts of Drosophila were also subjected to Western blot analysis. The anti-TRPL antibody detected a major band at 130 kDa (the expected size of the TRPL protein) as well as bands at about 60, 55 and 40 kDa (results not shown). The detection of these lower molecular mass bands in Drosophila extracts has been reported previously [18] . These bands may be unrelated proteins which cross-react with the anti-TRPL antibody, components of the TRPL protein generated by proteolysis, and\or possible TRPL homologues. In extracts of TRPL oocytes, a major band at 130 kDa, corresponding to the expected size of the TRPL protein, and minor bands at 70 and 55 kDa were observed ( Figure 1 , lane 1). In mock-injected oocytes (mock oocytes), no band at 130 kDa was observed but the bands at 70 and 55 kDa were detected ( Figure 1 , lane 2). These results suggest that the anti-TRPL antibody cross-reacts with two endogenous oocyte proteins.
The immunofluorescence of oocyte sections treated with rabbit anti-TRPL antibody and donkey anti-rabbit IgG conjugated to the fluorescent dye, Cy3, was examined by conventional epifluorescence microscopy and by scanning confocal microscopy. TRPL oocytes, the fluorescence intensity at the plasma membrane was somewhat greater at the vegetal hemisphere than at the animal hemisphere (Table 1 ). The fluorescence of the cytoplasmic space of TRPL oocytes was substantially lower than that of the plasma membrane of TRPL oocytes (Figs. 2a and 2d, and Table 1) and was similar to the fluorescence of the cytoplasmic space in mock-injected oocytes (Figures 2b and 2e, and Table 1 ). Results similar to those shown in Figure 2 and Table 1 were obtained using conventional epifluorescence microscopy (results not shown).
The intracellular localization of the mutant forms of the TRPL protein was also determined. Immunofluorescence owing to the presence of expressed TRPL (W713G) or TRPL (W814G) was [15, 31] . As shown previously [15] , in mock oocytes incubated in the absence of an extracellular signal molecule or other activator of Ca# + inflow (basal conditions), the addition of Ca# + o results in a biphasic increase in fluorescence (Figure 3a, mock) . The two phases have been designated the initial and sustained phases of Ca# + inflow [15, 31] . As also shown previously, TRPL oocytes exhibited substantially greater initial and sustained rates of Ca# + inflow when compared with mock oocytes (Figure 3a and Table 2 ). This difference was completely abolished in oocytes expressing TRPL (W713G) (Figure 3b and Table 2 ). In oocytes expressing TRPL (W814G) the initial rate of Ca# + inflow was not altered compared with TRPL while there was a small decrease in the sustained rate of Ca# + inflow ( Figure  3c and Table 2 ).
W13, an inhibitor of calmodulin action [32] , inhibited Ca# + inflow in oocytes expressing TRPL (W814G) and TRPL (as shown previously), but did not inhibit Ca# + inflow in oocytes expressing TRPL (W713G) ( Table 2 ). As shown previously [15] , the micro-injection of 3 µM calmodulin inhibited basal Ca# + inflow in TRPL oocytes (Table 2 ). This concentration of calmodulin had no significant effect on the initial rate of Ca# + inflow in TRPL (W814G) oocytes (Table 2 ) and caused about 40 % inhibition in the sustained rate of Ca# + inflow in TRPL (W814G) oocytes. Calmodulin had little effect on Ca# + inflow in TRPL (W713G) oocytes ( Table 2) .
Activation of TRPL channels by InsP 3
In our previous studies, we obtained some evidence that, in the environment of the Xenopus oocyte, TRPL channels are activated by InsP $ [15] . However, the data were inconclusive since it was difficult to dissociate InsP $ stimulation of TRPL channels from InsP $ stimulation of endogenous RACCs. Furthermore, while it was found that the sustained rate of Ca# + inflow in InsP $ -treated TRPL oocytes was greater than that in InsP $ -treated mock oocytes (as might be expected), the initial rate of Ca# + inflow in InsP $ -treated TRPL oocytes was less than that observed in InsP $ -treated mock oocytes. It was considered that the anomalous effect of the expression of TRPL on the initial rate of Ca# + inflow measured in the presence of InsP $ might be owing to either an interaction between the expressed TRPL protein and endogenous InsP $ receptors located on the SER such that the TRPL protein affects the ability of InsP $ to release Ca# + from the SER, or a masking of the effect of InsP $ on expressed TRPL channels by the presence of endogenous RACCs that are activated either directly or indirectly by InsP $ . To test the possibility that expression of TRPL affects the ability of InsP $ to release Ca# + from the SER, the ability of InsP $ , generated by the photolysis of ' caged ' InsP $ , to release Ca# + from intracellular stores in TRPL and mock oocytes incubated in the absence of added Ca# + o was compared. No difference in the amount of InsP $ -induced Ca# + release between TRPL and mock oocytes was observed (results not shown). The maximum increase in fluorescence induced by the photolysis of ' caged ' InsP $ was 5650p560 mV (n l 11) and 5680p530 mV (n l 11) for TRPL and mock oocytes, respectively (meanspS.E.M., P 0.05). Moreover, the addition of lysophosphatidic acid, which binds to a receptor on the oocyte plasma membrane and induces the formation of InsP $ [33] , to oocytes loaded with fluo-3 and incubated in the absence of added Ca# + o caused similar increases in fluorescence in TRPL and mock oocytes (results not shown).
Since it has previously been shown that PKC inhibits endogenous store-activated RACCs in Xenopus oocytes [34] , we used this action of PKC to suppress the activity of endogenous store-activated RACCs and hence to better study the activation of TRPL by InsP $ . First, the effects of PKC on TRPL channels in the absence of InsP $ were determined. In the absence of InsP $ , 200 nM staurosporin, an inhibitor of PKC [35] , caused a small inhibition of basal Ca# + inflow in TRPL but not in mock oocytes (Table 3) . In other experiments (results not shown) the incubation of mock oocytes with concentrations of staurosporin ranging from 200 nM to 200 µM for periods of time ranging from 30 min to 3 h had no effect on basal Ca# + inflow, suggesting that staurosporin did not markedly inhibit other intracellular enzymes. PMA, an activator of PKC [36] , increased the basal rate of Ca# + inflow in TRPL oocytes but not mock oocytes ( Table 3) . As shown by Petersen and Berridge [34] , PMA substantially inhibited the rate of Ca# + inflow in InsP $ F-treated mock oocytes (Figure 4a, mock, cf. Figure 4b , mock ; and Table 3 ). PMA also inhibited the rate of Ca# + inflow in InsP $ F-treated TRPL oocytes (Figure 4a, TRPL, cf. Figure 4b , TRPL ; and Table 3 ). This effect of PMA on Ca# + inflow in InsP $ F-treated TRPL oocytes is most probably due to the inhibition by PKC of endogenous RACCs (activated directly or indirectly by InsP $ F [34] In an alternative approach to determine the ability of InsP $ to activate TRPL, we took advantage of the observation that the basal rate of Mn# + inflow through endogenous InsP $ -stimulated RACCs in oocytes is low [31] whereas oocytes expressing TRPL exhibit some constitutive (basal) Mn# + inflow due to the TRPL channel [15] . This observation is consistent with those of others which show that the TRPL channel has a broad selectivity for cations [11] . Thus we tested the ability of InsP $ F to stimulate Mn# + inflow in TRPL and mock oocytes. The results indicate that TRPL oocytes exhibit a substantial rate of InsP $ F-stimulated Mn# + inflow compared with mock oocytes. Thus the rates of change of fluorescence following the addition of Mn# + (1 mM) to oocytes incubated in the absence of InsP $ F, or in the presence of microinjected InsP $ F (7 µM intracellular), and the InsP $ Fstimulated rate of change of fluorescence were : k0.05p0.01 (four experiments, a total of 18 oocytes), k0.06p0.01 (19) 
Role of calmodulin in the activation of TRPL by InsP 3
To determine whether calmodulin is involved in the activation of TRPL by InsP $ , the ability of InsP $ to stimulate Ca# + inflow in TRPL (W713G), TRPL (W814G) and TRPL oocytes was compared. As described above, TRPL (W713G) oocytes did not exhibit an enhanced basal rate of Ca# + inflow when compared with TRPL oocytes or TRPL (W814G) oocytes ( 3 ) compared with that for the same oocytes incubated in the absence of InsP 3 (Agent l None) are given in the footnotes. For the InsP 3 -stimulated rate, the degrees of significance for a comparison of the sustained rates of Ca 2 + inflow for TRPL, TRPL (W713G) and TRPL (W814G) with mock oocytes are : P 0.001, P 0.01 and P 0.01, respectively. For data obtained in the presence of InsP 3 plus PMA, the degrees of significance for a comparison of rates of Ca 2 + inflow for each of TRPL, TRPL (W713G) and TRPL (W814G) with mock oocytes are : P 0.01, P 0.05, P 0.01, respectively, for the initial rates of Ca 2 + inflow, and P 0.01, P 0.05 and P 0.05, respectively, for the sustained rates of Ca 2 + inflow. InsP $ (Table 4 , InsP $ ), similar rates of InsP $ -stimulated Ca# + inflow (Table 4 , InsP $ -stimulated rate), and similar rates of Ca# + inflow in the presence of InsP $ when the assays were conducted with PMA also present in order to reduce Ca# + inflow through endogenous RACCs (Table 3 , InsP $ j PMA). These results indicate that, in Xenopus oocytes, the stimulation of TRPL by InsP $ does not involve the activation by calmodulin of calmodulin-binding Site 1.
Activation by GTP-binding proteins
It has previously been shown that in the environments of the oocyte [15] and insect Sf9 cells [12, 13] , TRPL is activated by GTPγS. The roles of Ca# + and calmodulin in this activation were investigated by determining the ability of GTPγS to stimulate TRPL-mediated Ca# + inflow in oocytes expressing the mutant forms of TRPL. The effects of the micro-injection of GTPγS on the Ca# been treated with GTPγS ( Figure 5d ). As shown previously, the difference in the Ca# + o -induced increase in fluorescence between TRPL and mock oocytes in the presence of GTPγS (Figure 5a ) is very much greater than the difference between TRPL and mock oocytes in the absence of GTPγS (Figure 5d ). Thus the difference in Ca# + o -induced increase in fluorescence between TRPL and mock oocytes treated with GTPγS (Figure 5a ) represents the stimulation of TRPL by GTPγS and is not owing solely to a higher basal rate of Ca# + inflow in TRPL oocytes. This substantial stimulation of Ca# + inflow by GTPγS is also observed in TRPL (W814G) oocytes (Figure 5c ) but is greatly reduced in oocytes expressing TRPL (W713G) (Figure 5b) . Comparison of calculated rates of Ca# + inflow (legend of Figure 5 ) indicates that introduction of the TRPL (W713G) mutation causes about 50 % inhibition of GTPγS-stimulated Ca# + inflow compared with the rate of inflow in TRPL oocytes.
DISCUSSION
Intracellular location of TRPL and mutant TRPL proteins expressed in Xenopus oocytes
The results of the immunofluorescence experiments indicate that the heterologously expressed TRPL protein is chiefly located at the plasma membrane of Xenopus oocytes. It is possible that small amounts of TRPL, such as newly synthesized TRPL in transit to the plasma membrane, are located in the cytoplasmic space but were not detected in the present experiments. The fact that immunofluorescence due to the TRPL protein is clearly evident at the plasma membrane may reflect the expression of large amounts of the exogenous TRPL protein relative to the amounts of endogenous proteins present in the oocyte plasma membrane. Some of the expressed TRPL protein may be inactive. Moreover, some of the immunofluorescence signal and Ca# + inflow in TRPL oocytes may result from the formation of heterologous channel proteins from exogenous TRPL polypeptides and endogenous RACC subunits [10, 15, 16] . The observation that the mutant TRPL proteins are detected at the plasma membrane with immunofluorescence intensities similar to that of wild-type TRPL indicates that the mutations at the calmodulin-binding sites do not alter targeting of the mutant TRPL proteins to the plasma membrane, or markedly alter their rate of degradation.
The partially asymmetric distribution of the expressed TRPL proteins, with a greater density at the vegetal than at the animal hemisphere, may be owing to the polarized intracellular structure of the oocyte [37] and to, as yet unidentified, targeting sequences in the TRPL polypeptide chain. When expressed heterologously in Xenopus oocytes, muscarinic acetylcholine and γ-aminobutyric acid receptor proteins have also been found to be asymmetrically distributed on the oocyte plasma membrane [38, 39] .
Role of calmodulin-binding sites in the regulation of TRPL by Ca 2 +
It has previously been proposed that the basal (constitutive) activity exhibited by TRPL when expressed heterologously in Xenopus oocytes or insect Sf9 cells is owing to the activation of TRPL by Ca# + (at the concentration present in the cytoplasmic space of the host cell) through the binding of Ca# + and calmodulin at activatory calmodulin-binding Site 1 [15, 26] and\or through the dissociation of calmodulin from the putative inhibitory calmodulin-binding Site 2 [26] . The idea that the binding of Ca# + and calmodulin to calmodulin-binding Site 1 activates TRPL is consistent with the observations that (a) the mutation W713G, but not the mutation W814G, abolishes basal (constitutive) Ca# + inflow through TRPL channels, and (b) W13, which inhibits calmodulin in a Ca# + -dependent manner [32] , inhibits Ca# + inflow in oocytes expressing TRPL and TRPL (W814G) channels but not in oocytes expressing TRPL (W713G) channels. These results add to previous data which showed that several different inhibitors of calmodulin action inhibit basal (constitutive) Ca# + inflow in TRPL oocytes [15] The results obtained with TRPL (W814G) and the microinjection of exogenous calmodulin (3 µM) are more difficult to interpret. It has previously been observed that the injection of 3 µM calmodulin into TRPL oocytes inhibited basal (constitutive) Ca# + inflow in the absence of agents that increase [Ca# + ] c . This result was interpreted as the consequence of the binding of calmodulin at calmodulin-binding Site 2 [15] . This interpretation is consistent with the previous predictions of Warr and Kelly [26] that, of the two putative calmodulin-binding sites, Site 2 binds calmodulin in a Ca# + -independent manner and, when calmodulin is bound, the probability of channel opening is decreased. The mutation W814G largely prevented the ability of exogenous calmodulin to inhibit the basal Ca# + inflow through TRPL. If the mutation at residue 814 prevents the binding of calmodulin to Site 2, it might have been expected that this mutation would have completely prevented the inhibition of the basal Ca# + inflow by exogenous calmodulin. Two possible explanations for the incomplete prevention of the inhibition of basal Ca# + inflow by exogenous calmodulin in TRPL (W814G) are that mutation W814G only partially prevents the binding of calmodulin to Site 2, or that region 809-825 does not constitute calmodulin-binding Site 2, as suggested recently by Warr and Kelly [26] . These workers concluded that calmodulin-binding Site 2 is most likely located at amino acid residues 853-895 rather than at residues 809-825, as previously predicted by Phillips et al. [6] and by us at the beginning of the present series of experiments.
Activation of TRPL by PKC
The results obtained for the effects of staurosporin, an inhibitor of PKC [35] , and PMA, a specific activator of PKC [36] , on TRPL oocytes in the absence of added InsP $ indicate that, in the environment of the oocyte and in the absence of other regulatory signals, TRPL Ca# + channels are activated by PKC. However, the magnitude of this activation is small when compared, for example, with the activation of endogenous RACCs by InsP $ . The activation of TRPL by PKC may be owing to the phosphorylation of TRPL at serine(#" in the putative PKC substrate phosphorylation sequence [26] .
Although staurosporin has been shown to inhibit other intracellular enzymes [40, 41] , the following observations indicate that it is reasonable to conclude that PKC activates TRPL (and inhibits endogenous RACCs, as discussed below). Firstly, the concentration of staurosporin employed in the present experiments (200 nM) is lower than that used in a number of other studies [35, 40, 41] . Secondly, concentrations of staurosporin up to 200 µM had no effect on basal Ca# + inflow in mock oocytes. Thirdly, experiments employing PMA were conducted in addition to those with staurosporin. Moreover, the work of others has shown that it has been extremely difficult to design, or obtain, highly specific inhibitors for PKC [42] .
Role of calmodulin-binding sites in the activation of TRPL by InsP 3
The results obtained for the rates of Ca# + inflow in TRPL oocytes measured in the presence of InsP $ and PMA indicate that, when endogenous RACCs are inhibited by the activation of PKC, an activation of TRPL by InsP $ is clearly revealed. Thus it can be concluded that, in the environment of the oocyte, TRPL is activated by InsP $ . This conclusion is consistent with the results that show that, in TRPL oocytes treated with InsP $ , the rate of Mn# + inflow is significantly greater than that in mock oocytes incubated under the same conditions. The results for Ca# + inflow obtained with mutant TRPL (W713G) and mutant TRPL (W814G) oocytes indicate that the ability of InsP $ to activate TRPL does not depend on the binding of Ca# + \calmodulin to calmodulin-binding Sites 1 or 2. As discussed above, since mutation W814G may not inhibit the binding of calmodulin to calmodulin-binding Site 2, the possibility that calmodulin-binding Site 2 is involved in the activation of TRPL by InsP $ cannot be completely eliminated. Nevertheless, the results provide good evidence that under the conditions employed in the present experiments it is unlikely that the activation of TRPL initiated by InsP $ is mediated by the release of Ca# + from the SER and the subsequent increase in [Ca# + ] c . A likely possibility is that InsP $ initiates the activation of TRPL by binding directly to the TRPL protein, as proposed by Dong et al. on the basis of studies with insect Sf9 cells [14] .
Role of calmodulin-binding sites in the activation of TRPL by Gproteins
In the present experiments, GTPγS was used as an artificial activator of trimeric G-proteins [43] . The observation that the mutation W713G in calmodulin-binding Site 1 (which completely inhibited the constitutive activity of TRPL) caused a 50 % reduction in the activation of TRPL initiated by GTPγS indicates that there are at least two pathways by which GTPγS induces the activation of TRPL in the environment of the oocyte. One pathway requires calmodulin-binding Site 1. The GTPγS activation of this pathway may involve G o , phospholipase Cβ, InsP $ , the release of Ca# + from the SER and an increase in [Ca# + ] c [44] [45] [46] which, in turn, activates TRPL. The other pathway(s) is independent of calmodulin-binding Site 1. The GTPγS activation of this pathway may involve the direct interaction of G "" with the TRPL protein [13] .
Overview of the mechanisms that regulate Ca 2 + inflow through TRPL channels
The present results obtained with TRPL expressed in Xenopus oocytes, together with the results of studies on the expression of TRPL in insect Sf9 cells [9] [10] [11] [12] [13] , results for measurement of the binding of calmodulin to the isolated TRPL protein and to peptides comprising regions of each of the two calmodulinbinding sites [26] , and the results of studies of the regulation of TRPL in Drosophila photoreceptor cells [17] [18] [19] , indicate that there are multiple pathways for the regulation of TRPL. Those delineated in the present and previous [15] work with oocytes are : activation by Ca# + \calmodulin, most likely via calmodulinbinding Site 1 ; inhibition by calmodulin, most likely via calmodulin-binding Site 2 ; activation by PKC (in the absence of other regulatory signals) ; activation by InsP $ , possibly by the direct binding of InsP $ to the TRPL protein ; and activation by a trimeric G-protein, possibly G "" , through the direct interaction of the G-protein with the TRPL protein.
Although the intracellular environment of the oocyte may differ substantially from that of the photoreceptor cell, it is likely that the observations made for TRPL expressed in oocytes represent, in a qualitative manner, the major regulatory pathways that govern the activity of TRPL channels in the photoreceptor cell. Thus, although it has been somewhat difficult to study the regulation of TRPL in the Drosophila photoreceptor cell [18] , it has been shown that in photoreceptor cells light-induced activation of TRPL requires phosphoinositide hydrolysis which is catalysed by a phospholipase C encoded by the norpA gene [21] . Moreover, indirect evidence suggests that, following the stimulation of photoreceptor cells by light, TRPL is activated by [Ca# + ] c and is inhibited by a photoreceptor cell PKC encoded by the inaC gene [17, 19, 20] . The results obtained for TRPL expressed in the environment of the oocyte are also likely to reflect, in qualitative terms, the mechanisms that regulate those types of endogenous animal cell RACCs that are TRPL homologues [47] [48] [49] .
